Recently, sulfate-reducing granular sludge has been developed for application in sulfate-laden water and wastewater treatment. However, little is known about biomass stratification and its effects on the bioprocesses inside the granular bioreactor. A comprehensive investigation followed by a verification trial was therefore conducted in the present work. The investigation focused on the performance of each sludge layer, the internal hydrodynamics and microbial community structures along the height of the reactor. The reactor substratum (the section below baffle 1) was identified as the main acidification zone based on microbial analysis and reactor performance. Two baffle installations increased mixing intensity but at the same time introduced dead zones. Computational fluid dynamics simulation was employed to visualize the internal hydrodynamics. The 16S rRNA gene of the organisms further revealed that more diverse communities of sulfate-reducing bacteria (SRB) and acidogens were detected in the reactor substratum than in the superstratum (the section above baffle 1). The findings of this study shed light on biomass stratification in an SRB granular bioreactor to aid in the design and optimization of such reactors.
. Since sludge granulation was first observed in anaerobic methanogenic bioreactors 1 , it has been developed across many bioprocesses including organic and ammonia oxidation 3, 4 , enhanced biological phosphate and nutrient removal 5 , anammox 6 and sulfate reduction 7 . Granular sludge bioreactors possess excellent capabilities of liquid-solid separation and biomass retention and are resilient against variations in pollution loads and other environmental conditions [8] [9] [10] [11] . However, vertical stratification of biomass is often observed in various types of granular sludge reactors including anaerobic, anoxic and aerobic bioreactors [12] [13] [14] [15] . The stratification is viewed as a disadvantage of granular reactors; a decrease in hydrodynamic shear in the upper section of the reactor causes the top layer of sludge to become unstable, thereby affecting the reactor operation [16] [17] [18] [19] . More importantly, the stratification reduces the overall treatment capacity 20, 21 due to conglomeration of granules and hydraulic short-circuiting 12 . Many attempts have thus been made to reduce/eliminate stratification in anaerobic or anoxic gas-producing (CH 4 , H 2 and N 2 ) granular sludge reactors 12 . Hydrodynamics plays a key role of reducing stratification by increasing the mixing of granules of different sizes and densities and by reducing the vertical substrate gradient in the reactor, thereby promoting more homogenous granule growth. The effects have been well demonstrated by internal circulation Scientific RepoRts | 6:31718 | DOI: 10.1038/srep31718 anaerobic (ICA) reactors which can have organic loading rates 3-5 times higher than that of UASB reactors through applying a higher superficial liquid velocity and gas velocity 22 . Stratification issues in non-gas-producing anaerobic systems such as sulfate-reducing granular sludge reactors 23 could be more serious due to the absence of gas bubble mixing in the reactor. Such granular sludge reactors are used for processing sulfate-laden wastewaters produced by various industries 24 and from the utilization of seawater in coastal areas for toilet flushing as an alternative water resource 25 . No methane production has been confirmed in a biological sulfate reduction (BSR) granular sludge reactor treating saline municipal sewage generated from seawater toilet flushing at a chemical oxidation demand (COD)-to-sulfate ratio of approximately 0.5 23 . This feature makes SRB granules much denser than methanogenic or hydrogen-producing granules 26 , and hence, stratification of sludge tends to more significant than in other anaerobic granular sludge reactors. Minimizing stratification is key to optimizing the reactor design and/or operation. Therefore, this study systematically investigates a granular sludge sulfate-reducing upflow sludge bed (SRUSB) with the aims of determining the vertical functional zones; identifying the internal hydrodynamic flow pattern through a 3-D computational fluid dynamics (CFD) model 27 ; and exploring the vertical variations in microbial community structure along the height of the reactor. Such information will enhance our understanding of the stratification of non-gas-producing granules to facilitate the design and operation of granular SRUSB bioreactors.
Results and Discussion
The COD removal efficiency of the SRUSB was initially above 84% but gradually dropped to approximately 70% by day 160 (Fig. S1a in the Supplementary Information (SI)) at which time the reactor short-circuited (Fig. S1b) . To alleviate this issue two baffles were installed in the SRUSB. The motivation was to increase mixing and create multiple compartments in the reactor to simulate continuously stirred tank reactors.
Organic degradation profile. To examine the organic degradation profile along the height of the reactor, 9-15 samples were taken at three time points. Detailed data of each layer are shown in Fig. S2 . Average soluble COD and volatile fatty acid (VFA) profiles were obtained and are shown in Fig. 1 . As expected, COD decreased progressively as the influent passed through the granular sludge bed. COD in the influent was around 320 mg/L on average, and was subsequently diluted by 5Q (Q = influent flow) recirculation (Fig. 1b) . The trend of gradually declining COD along the reactor height was observed except between the heights of 30 and 40 cm. In this zone the measured COD actually increased although there was no statistical difference between the two levels using the Student t test (α = 0.05). An average of 36 mg/L soluble COD and 71 mg/L total COD were left in the SRUSB effluent.
The highest VFA level appeared at the bottom of the SRUSB reactor, with approximately 100 mg/L acetate (~40 mg/L came from the influent) representing the main component of VFAs produced from the acidogensis/ fermentation of the bottom organics. Butyrate was completely consumed within the reactor and valerate comprised only a minor fraction of effluent VFA. Acetate and propionate became the main organics in the effluent, each contributed around 50% of soluble effluent COD (Fig. 1c) with approximately 40-50% of the remaining effluent COD in particulate form. The metabolic pathway of VFA degradation by SRB can be categorized into two divisions: those that oxidize organics incompletely to acetate and those that oxidize organics to CO 2 directly. The VFAs such as valerate, butyrate and propionate can be consumed by incomplete and complete organic oxidizers through various pathways (e.g., typical β -oxidation, modified citric acid cycle, etc.) 28 and the generated acetate also can be degraded by both SRB types via a modified citric acid cycle and the Acetyl-CoA pathway 29 . The formation of acetate is an intrinsic feature under sulfate-or sulfite-reducing conditions due to the co-existence of complete and incomplete VFA oxidizing SRB. For the known 40 SRB genera, 55% cannot metabolize the acetate, moreover, sulfidogenic bioreactors are commonly dominated by Desulfovibrio, Desulfobulbus, Desulfomicrobium and Desulfobacter. Among them, Desulfovibrio, Desulfobulbus and Desulfomicrobium are incomplete organic oxidizers 29 . This causes the observed rate of acetate uptake by SRB to be lower than the acetate production rate and thus acetate degradation becomes the rate-limiting step in sulfidogenic processes 30 . The unexpectedly high propionate in the effluent could also be the result of incomplete VFA degradation as some SRB species belonging to the genus Desulfovibrio have been shown to degrade particular organics to a final product consisting of equal parts acetate and propionate while also being unable to use either acetate or butyrate as substrate 29 .
In general, the degradation patterns of VFAs and COD are in quantitative agreement. However, unlike COD, the average concentration of VFAs in the layer at 40 cm (acetate = 25 mg/L; propionate = 16 mg/L) was lower than that in the layer at 30 cm height (acetate = 27 mg/L; propionate = 19 mg/L; butyrate = 4 mg/L). This confirms that VFAs did not to contribute to the COD concentration in the layer at 40 cm. Hence, the observation of unchanging COD is a localized phenomenon, and which could be caused by macro-molecular organics (e.g., residual endogenous cells or microbial byproducts such as proteins or lipids) generated from the baffle to adjacent zones via hydrolysis/fermentation due to high sludge accumulation. Such behavior could be mitigated by adjusting the hydrodynamics or baffle locations/size.
Sulfur vertical profile.
As a result of the internal recirculation the liquid at the bottom of the SRUSB reactor contained sulfate (average 61 mg S/L), dissolved sulfide and thiosulfate. As shown in Fig. 2b the thiosulfate . Electron acceptors were hypothesized to come from other sulfur sources, such as accumulated elemental sulfur and/or poly-S/S 0 , which could be produced by sulfide oxidation bacteria (SOB e.g., Prosthecochloris) 31 and can be easily utilized by SRB. These acceptors can serve as both electron donors and acceptors to produce sulfide and sulfate 32 . Measurements of the accumulated poly-S/S 0 along the height of the reactor (Fig. 2c ) indicated nearly 32 mg S/g total suspended solids (TSS) of sulfur accumulated in the sludge at the bottom of the reactor, while in other layers, it was approximately 17 mg S/g TSS on average. Consequently, further batch tests were conducted with granular sludge taken from the reactor bottom and placed in sulfate-free synthetic sewage. After 5 h anaerobic reaction 15-23 mg/L sulfide was detected confirming the use of elemental sulfur and/or poly-S/S 0 in the bottom zone rich in these compounds.
pH, alkalinity and hydrophobicity. Heterotrophic Two moles of bicarbonate are generated with one mole of sulfate reduced according to this equation. Thus the pH and alkalinity could be used as an indicator of the bioreactor performance to some extent. The pH at the bottom of the bioreactor was about 5.6 due to the acidogenic activity (Fig. S3a) , which provides sufficient intermediates such as acetate, propionate, butyrate, and lactate for sulfate reduction. With sulfide and bicarbonate generation, the pH and alkalinity increased gradually along the height of the reactor and finally reached plateaus (pH = 7.8, alkalinity = 577 mg CaCO 3 /L) at mid-height of the reactor (Fig. S3b) .
The hydrophobicity of the bottom granular sludge was approximately 45% which is close to that of the inoculum and matches the reaction of pH, since most acidogens are hydrophilic 34 . It then increased with reactor height to reach a maximum of 68% in the superstratum sludge (Fig. S4) . In the substratum, the lower hydrophobicity of the granular sludge favored the contact/cohesion between substrate and organisms. The 23% hydrophobicity increase of the superstratum granules on the other hand was conducive to biomass separation from the effluent. The hydrophobicity variation of the granular sludge was not only dictated by the bacterial community and surface extracellular polymeric substances (EPS) content, but also influenced by the aqueous chemical composition and hydraulic conditions 35 , which are further investigated below.
Internal hydrodynamics visualization.
With the installation of baffles, the performance of the reactor was improved (Fig. S1) , and the internal flow pattern/hydrodynamics was revealed. A 3-D numerical simulation was conducted for the steady state granular sludge SRUSB with a structured numerical grid of 602,464 cells. Figure 3a shows the solid phase holdup distribution in the SRUSB. The highest sludge concentration appeared in the layer at 5-15 cm adjacent to baffle 1. The presence of this baffle created a turbulent flow improving sludge mixing and alleviating the short-circuiting. The sludge volume fraction gradually declined along the height of the reactor (Fig. 3a,b) , showing a relatively even expansion of the sludge bed.
The simulated flow pattern within the bioreactor is indicated by the contours of velocity magnitude (Fig. 3c,d ). The velocity of both sludge and water dramatically increased once the two had passed through baffle 1, after which the flow pattern developed rapidly. Granule and water velocity contours revealed continuous and even hydraulic mixing throughout the sludge zone in contrast to other reports where mixing intensity declined with height 35 demonstrating the effectiveness of the baffles. For granular bioreactors certain back-mixing is preferred 36 , as it not only relieves the stratification, but also changes the microbial kinetics from zero to a first order at low substrate concentrations. Hence controllable mixing is preferred to enhance the contact between biomass and substrates 36 . On the other hand, contribution of excessive internal mixing provides limited or even detrimental effects on treatment performance. Mixing only needs to meet a level sufficient to ensure mass transfer of substrate through the granule while increased mixing increases energy consumption and increases biomass loss from the reactor.
The vertical profile of simulated granules concentration was obtained from the profile of the sludge volume fraction (Fig. S5) . The predicted profile showed a similar trend to measured TSS concentrations at different heights (Fig. S5) . The sludge concentration at 10 cm was lower than that in the vicinity of baffle 1 (13 cm) where the sludge concentration reached 24.3 g/L (measured). The regular triangle baffle 1 which protruded by 2 cm reduced the reactor diameter by 45% hindering sludge settlement and boosting the upflow velocity. This resulted in a small compartment with a relatively low sludge concentration below baffle 1, as verified by the simulation result shown in Fig. 3a .
The hydrodynamics simulation presented an actual hydraulic retention time (HRT) of 9.8 min for the SRUSB, which matches that calculated with the 5-Q recirculation (10 min). Therefore, the COD removal rate along the height of the reactor could be determined from the COD degradation profile and the upflow rate. The COD removal rates were 7.3, 10.7 and 4.5 mg/L/min in the bottom (below baffle 1, 0-13 cm), middle (between the two baffles, 13-30 cm) and top layers (above baffle 2), respectively. With such a reactor configuration, the middle layer was the main zone responsible for COD removal via sulfate reduction. This behavior is in accord with conventional UASB reactors, while the bottom layer of the SRUSB also played an important role in fermentation and COD removal in addition to clarification in comparison with the UASB 35 .
Microbial quantification and analysis of the granular sludge. Although completely-mixed microbial samples have been examined 26, 31 , to further understand functional zones within the bioreactor, 16S rRNA gene of the SRB granules in the substratum and superstratum were analyzed by pyrosequencing (SRR3233650 and SRR3233651). Rarefaction analysis, based on OTUs at 3%, 5% and 10% dissimilarity, is depicted in Fig. S6 .
The microbial analysis at the genus level and sequence abundance greater than 0.2% is illustrated in Fig. 4 . More than 15 genera observed in the superstratum granules (above baffle 1) were not present in significant quantities in the substratum granules (below baffle 1). Moreover, the SRB genus abundance in the substratum (41.4% of the total sequences) was less than that of the superstratum (44.5%) as shown in Table 1 . The slightly higher abundance of SRB above baffle 1 is consistent with the increased sulfate reduction rated occurring in the reactor superstratum, as determined by the simulated results and the degradation profile of organics. However, a higher SRB diversity was observed within the substratum biomass (Table 1) , which could be ascribed to the presence of abundant organics including those in more complex forms prior to their reduction to simple VFAs. For instance, SRB genera Desulfovibrio, Desulfomicrobium and Desulfofustis were only detected in the substratum. They perform incomplete oxidation of organic compounds (e.g., sugar, long-chain fatty acids, lactate, butyrate and propionate) to acetate 29 . Genera Desulfosarcina and Desulfobacter were detected from both superstratum and substratum, which metabolize the organics with the end product of CO 2 . A further factor influencing the difference in SRB diversity between the substratum and superstratum is the variation in pH from 5.6-6.7 at the base of the reactor to 7-7.8 in the upper regions (Fig. S3a) . Generally, the optimum pH for growth of most SRB is 5-9 37 , and highest rate of sulfate reduction can be achieved at pH of 6.5-7.4 38 , which could contribute to current results. Therefore, optimization of synergism condition between sulfate reduction and acidification should be considered in the reactor operation.
From the vertical profiles of organics consumption and pH variation ( Fig. 1 and Fig. S3a ), vigorous acidogensis and fermentation are deduced to have occurred at the reactor bottom. This is also supported by the microbial analysis. A higher abundance of acidogen-related genera including Luteococcus (1.4%), Trichococcus (10.4%) and Comamonas (5.8%) was detected in the substratum zone than in the superstratum zone (Luteococcus 1.4%, Trichococcus 12% and Comamonas 0%). Luteococcus is mesophilic lactic streptococci that can produce lactic acid via fermentation 39 . Lactate has been shown to be a favorable substrate for SRB metabolism in terms of energy and biomass production 40 . The genus Prosthecochloris, detected at high proportions in the superstratum (19%) and substratum (8.4%), are phototrophic obligate-anaerobes utilizing sulfide as a photosynthetic electron donor and generating sulfur globules that are deposited outside the cells 41 . As depicted in Fig. 2c , the generated sulfur accumulated in the system. Sulfur-utilizing SRB genera, correspondingly Desulfofustis (0.39%) and Desulfobacter (7.8%), were determined in the reactor substratum. These findings can assist in the interpretation of sulfur reduction in the substratum.
Baffle relocation in the SRUSB. The unexpected stratification and hydraulic short-circuiting of the SRUSB system was mitigated by installing two baffles, although this did cause some sludge accumulation in the vicinity of the baffles. Based on the microbial community, pH/alkalinity changes, organic components and consumption rates (Table 2) , the zone between the two baffles is considered the major zone responsible for organics removal, and the substratum layer of the bioreactor is considered as an acidification zone where readily biodegradable substrates are generated. Therefore, the baffle location was optimized experimentally, by replacing the two baffles by a single baffle (baffle 2) at the height of 20 cm to separate the two bioprocess zones. The optimized baffle location could: 1) enlarge the acidification zone; 2) reduce the sludge accumulation area; and 3) maintain a relatively gentle mixing inside the reactor (reduced back-flow mixing). The bioreactor with the relocated baffle under a sludge concentration of approximately 19 g/L (sludge was withdrawn for other testing purposes during this study) showed a slight improvement in organics removal corresponding to an average soluble COD concentration of 26-30 mg/L in the effluent (Fig. S7 ). This represents an improvement of approximately 20% compared to the COD concentration of 36 mg/L in the two-baffle system. The one-baffle system is also easier to construct.
Conclusions
Stratification and hydraulic short-circuiting of a SRUSB were studied and mitigated by installing two baffles in the SRUSB. The 3-D investigation of the internal flow pattern and performance measurement of each sludge layer confirmed improved treatment (15% improvement in terms in organics removal) after the installation of baffles. Sludge distribution was generally homogeneous except for some accumulation of biomass in the vicinity of the baffles.
Microbial analysis and chemical analysis in the baffled SRUSB revealed an acidification zone in the reactor substratum below baffle 1 which was dominated by acidification-related genera (Trichococcus, Luteococcus and Comamonas) comprising 17.6% of retrieved sequences and a more diverse SRB community than that in the superstratum. COD removal was more prominent in the superstratum above baffle 1. The generated poly-S/S 0 accumulated at the reactor bottom where it was used as an electron acceptor for sulfate reduction in the lower section of the reactor (0-13 cm). An alternative baffle layout based on the hydrodynamic simulation and microbial community analysis was further tested with a single baffle to generate the two observed process zones. This provided a further, minor improvement in overall performance.
Materials and Methods
Reactor operation, synthetic wastewater and granular sludge. A 3-liter lab-scale granular sludge SRUSB reactor was operated using synthetic saline sewage for more than 600 days. The synthetic saline sewage is prepared according to Hao et al. 7 , in which total COD is equivalent to the biochemical oxygen demand (BOD) and consists of glucose (40%), sodium acetate (40%) and yeast extract (20%). The sludge concentration reached 22 g/L under an HRT of 1 hr after 120 days of operation. Detailed information on the reactor configuration and operation conditions can be found in our previous study 7 . From day 193, two regular triangle baffles were installed to prevent short circuits and granular sludge stratification. The first baffle (baffle 1) had a horizontal depth of 2 cm and was installed 13 cm above the base of the reactor. The second baffle (baffle 2), having a height of 1 cm, was installed 29 cm above the base of the reactor (Fig. S8 ). Liquid and solid samples were collected regularly from different sludge layers along the depth of the SRUSB reactor. Between 9 and 15 samples were taken from each layer during the steady-state operation period (determined by stable COD and sulfate removal). The main physical characteristics of the granular sludge are summarized in Table S1 , as described in Hao et al. 31 .
Chemical, physical and biological analysis. Total/soluble COD was examined according to Hao et al. 7 .
Interference of sulfide was eliminated by adding excess zinc sulfate (ZnSO 4 ) forming precipitation of zinc sulfide (ZnS). Three droplets of 10 M NaOH solution were then added to precipitate residual Zn 2+ as Zn(OH) 2 , followed by centrifugation at 3,500 rpm for 5 min and filtration with 0.45-μ m cellulose membrane filter paper (Millipore). The filtrate was then analyzed for total soluble carbonaceous COD 42 . TSS and VSS of the SRUSB were measured following the Standard Methods (2450D and E) 42 . Sulfate and thiosulfate were analyzed using an ion chromatograph (LC-20A, Shimadzu, Japan) equipped with a conductivity detector and an IC-SA2 analytical column. Dissolved sulfide was determined using the methylene blue method 42 , while pH was measured using a multimeter (Multi 3420 with Sentix 940-3 probe, WTW, Germany). Volatile fatty acids (acetate, propionate, butyrate and valeric acids) were analyzed using a 6820 GC System gas chromatograph equipped with a 30 m × 250 μ m × 0.25 μ m FFAP capillary column (Agilent, USA) and a flame ionization detector. The granular sludge surface hydrophobicity was assessed by adsorption to the organic solvent p-xylene (Merck) according to Rosenberg and Gutnick 43 . Sludge samples from the middle of the substratum (between the reactor bottom and baffle 1) and superstratum (above the baffle 1) were collected on day 392 to reveal the diversity of the microbial community in the granules, using 454-pyrosequencing of the 16S rRNA gene according to Lee et al. 44 and Zhang et al. 45 . Details of the methods for DNA extraction, PCR amplification, pyrosequencing and data analysis are provided in the SI.
Computational fluid dynamics (CFD) model. The commercial CFD code Fluent 14.0 (ANSYS, USA) based on the finite volume method was employed for the 3-D hydrodynamic simulation of the reactor, with the solid (granular sludge) and liquid (wastewater) phases representing fully interpenetrating continua according to the extended granular flow theory 46 . Turbulence is a three-dimensional phenomenon that cannot be accurately captured with two-dimensional simulations 32 due to the lack of an appropriate turbulence model and correct empirical constants and closures. Moreover, the Reynolds number of the influent is quite low (Re = 9.6), and therefore a turbulence-free model is commonly assumed and adopted in granular sludge reactor studies [46] [47] [48] , which is applied in this study as well.
The interpenetration of the liquid and solid phases in the reactor is dictated by the conservation of mass and momentum. In the solid phase, spherical particles with a narrow size distribution, uniform density and incompressible granules are assumed and modeling was conducted based on the kinetic theory of granular flow. The relevant equations are shown in Table S2 in the SI.
The momentum equation differs for the solid and liquid phases because of pressure variation, in which lift and virtual mass forces are assumed to be negligible. Mass transfer between these two phases is also ignored, such that the transfer forces can be described by empirical drag laws 49, 50 . The granular sludge bulk viscosity is determined by the equation proposed by Lun et al. 51 . The expression of Schaeffer 52 is further applied for determining the frictional viscosity, with an angle of internal friction of 30°. This angle of internal friction should not affect the results by much 53 . The kinetic part of granular viscosity and conductivity are determined from the relationships given by Syamlal et al. 54 . The radial distribution function of Ding and Gidaspow 55 takes into account the probability of particles colliding with each other when the solid phase becomes densely packed. The detailed initial setting of the CFD model and its key parameters are summarized in Table S3 in the SI.
